Introduction and hypothesis The purpose of this study was to evaluate the effects of a pelvic floor muscle (PFM) rehabilitation program on the striated urethral sphincter in women over 60 years with stress urinary incontinence (SUI). We hypothesized that the PFM rehabilitation program would also exercise the striated urethral sphincter and that this would be demonstrated by hypertrophy of the sphincter on magnetic resonance imaging (MRI). Methods Women with at least weekly episodes of SUI were recruited. Participants were evaluated before and after a 12-week group PFM rehabilitation intervention with T2-weighted fast-spin-echo MRI sequences recorded in the axial plane at rest to assess urethral sphincter size. Data on SUI symptoms and their bother were also collected. No control group was included. Results Seventeen women participated in the study. The striated urethral sphincter increased significantly in thickness (21 %, p<0.001), cross-sectional area (20 %, p=0.003), and volume (12 %, p=0.003) following the intervention. The reported number of incontinence episodes and their bother also decreased significantly.
Introduction
The striated urethral sphincter has only recently started to garner attention from those interested in rehabilitation for stress urinary incontinence (SUI) where the focus has typically been on retraining the pelvic floor muscles (PFMs). This interest started in the 1990s when Bø and Stein reported that the striated urethral sphincter contracts synergistically with the PFMs in both continent women and those with SUI [1, 2] . More recently, it has been reported that the ability to activate the striated urethral sphincter is unrelated to the ability to produce a PFM contraction [3] , and that some women without visible PFMs on magnetic resonance imaging (MRI) were still able to increase voluntarily their urethral closure pressure when asked to do a PFM contraction [4] .
Interest grew when DeLancey et al. reported that decreased urethral closure pressure is the factor most strongly associated with SUI [5, 6] . This is supported by both morphological and electromyographic (EMG) evidence. In imaging studies, the striated urethral sphincter has been found to be smaller in women with SUI compared to continent controls [7, 8] . In EMG studies, the striated urethral sphincters of women with SUI demonstrated smaller EMG amplitudes and shorter motor-unit-potential durations with more phases than do continent controls [9, 10] , indicating primarily myogenic changes.
It is well accepted that PFM rehabilitation is an effective treatment for SUI [11] , and since the striated urethral sphincter plays such an important role in SUI, rehabilitation may be effective because it exercises the sphincter along with the PFMs. This idea is supported by a recent publication by McLean et al. who reported that, on US assessment, a 12-week PFM exercise program produced a significant increase in the cross-sectional area of the urethra at the level of the striated urethral sphincter in middle-aged women [12] . Because of limits in the resolution of US images, they were not able to determine which part of the urethra hypertrophied; this limitation can be overcome with MRI. From this, we hypothesized that PFM rehabilitation for older women with SUI would train the striated urethral sphincter and that this would lead to measurable hypertrophy of the striated urethral sphincter on MRI.
Materials and methods
This study was a secondary analysis of data recorded for a study that examined the effects of PFM rehabilitation on continence, PFM function, and morphology, employing a quasi-experimental pretest-posttest design [13] . The secondary analysis does not include a control group because the initial study design did not require one. Participants were evaluated before and after a 12-week group PFM rehabilitation intervention.
Participants
Community-dwelling women ≥60 years were recruited using newspaper advertisements and from participating urology and urogynecology clinics. Participants were included if they experienced at least weekly episodes of UI and presented with≥ 80 % SUI symptoms per history and the Three Incontinence Questions (3IQ) [14] . Women taking hormone replacement therapy were admissible as long as their prescriptions had been stable for at least 6 months. Women were excluded if they were unable to understand either French or English; had chronic constipation (per the Rome III criteria) [15] ; pelvic organ prolapse (POP) ≥2according to the POP Quantification system [16] ; were taking medications known to affect continence; had mobility, medical, or psychological problems that would prevent them from completing the assessments or the exercise program [17, 18] ; and/or had a condition or implant that contraindicated MRI scanning. The secondary analysis received ethical approval from the institutional ethics committee and from the ethics committees at each of the participating hospitals. Each volunteer provided written informed consent prior to the initial assessment.
Intervention protocol
The study involved a 12-week PFM rehabilitation program with assessments at baseline and immediately following the intervention. At the initial assessment demographic, medical history and general quality of life (QoL) assessed on the ShortForm Health Survey of 12 Questions (SF-12) were collected. The participants were also individually instructed to perform PFM contractions correctly by an experienced pelvic floor physiotherapist. The intervention involved weekly, 1-h PFM group exercise classes lead by another experienced pelvic floor physiotherapist. Participants were required to complete at least ten classes to have been considered as having completed the intervention. Each group consisted of a maximum of eight participants. Each class followed a strict protocol to ensure that the sessions were comparable, both among groups and between teachers. The exercise classes included maximum voluntary PFM contractions (MVCs), maximum PFM contractions with superimposed rapid contractions (flicks), controlled PFM contractions to 50 %, 100 %, 50 % and then relaxed (podium exercises), and PFM precontraction prior to coughing (the Knack) [19] , performed in supine, four-point kneeling, sitting, and standing positions. Participants were verbally encouraged throughout to perform the exercises to the maximum of each one's ability. Exercises progressed in number, intensity, and hold time every 4 weeks to provide a progressive challenge. Education, breathing, gentle stretching, core strengthening, and balance exercises were also included in the exercise classes.
The participants also performed home PFM exercises for 15 min 5 days a week. They recorded these exercises in a diary, which was used during the classes to monitor adherence. As the diaries were not collected, they were not analyzed. The PFM exercise program included exercises to train motor control, strength, power, endurance, and functional activities. Exercise number, intensity, and body position were advanced every 4 weeks: from six repetitions with a 6-s hold performed supine, to eight repetitions with an 8-s hold performed sitting, to ten repetitions with a 10-s hold performed standing.
Outcome measures

Continence function
Incontinence symptoms were evaluated with a 3-day bladder diary, the Urogenital Distress Inventory (UDI), and the Incontinence Impact Questionnaire (IIQ) [20] . The bladder diary included the number of leakage episodes, voids, pads used. The UDI and IIQ were scored as described by Shumaker et al. [21] , and are valid and reliable measures of incontinencerelated QoL in women [22] .
Urethral size
Urethral size was evaluated with MRI recorded in the axial plane using a Siemens 3.0 T Magnetom Trio with an IPAT torso/pelvis coil centered at the symphysis pubis. The resting images were acquired using T2-weighted fast-spin-echo sequences [20 [8] . The outside diameter of the striated urethral sphincter and the diameter of the urethra alone were measured from left to right to avoid any distortion resulting from inclination of the urethra in the sagittal plane. Measurements were made from each slice that included the striated urethral sphincter, starting with the slice immediately inferior to the bladder neck and moving down (Fig. 1) .
The total striated urethral sphincter thickness was determined by subtracting the inner diameter from the outer diameter to exclude the smooth muscle, submucosa, mucosa, and lumen. The mean thickness of the sphincter in the first two slices in which it was visible was used in all calculations. The length of the sphincter was estimated by multiplying the number of slices in which the sphincter was visible by the sum of the slice thickness (5 mm) and the interslice gap (1 mm). Standard formulas for the area of a circle (area=π R 2 ) and the volume of a cylinder (volume=π R 2 x length) were used to calculate the cross-sectional area and the volume of the striated urethral sphincter, respectively. In order to control for changes in the urethra itself, the calculations described above were also made for the urethra alone (inner diameter). All calculations were made with the assessor blinded to the testing session. The test-rest reliability of the measurements was assessed for this data set and found to be very good; the interrater intraclass correlation coefficients (two-way mixed-effects model) ranged between 0.82 and 0.92, with mean percent errors (estimates of measurement stability) ranging from 12 to 15 %.
Sample size and statistical analysis
Statistical analyses were performed with Minitab v16.2 (State College, PA, USA). Sample size was set a priori for the larger study. As this was a secondary analysis, no power calculation was performed. Given that data were normally distributed, outcome measures (symptoms and morphology) were compared between testing sessions using repeated-measures analyses of variance (ANOVA) with the subject as the random factor and time as the fixed factor. The Bonferroni method was used to control for multiple comparisons.
Results
Sample
Seventeen women participated in this study: age 68.9± 5.5 years, 1.4±1.3 pregnancies, 1.4±1.2 total deliveries, 1.1 ±1.3 vaginal deliveries, and BMI 26.31±4.04 kg/m 2 . Twentyseven women were recruited; however, eight dropped out due to family, health, or personal reasons and one was excluded showing how the outer diameter -including the striated urethral sphincter, smooth muscle, submucosa, and mucosa-and the inner diameter, excluding the striated urethral sphincter, were measured because she was unable to complete the initial assessment. None of the participants reported any adverse effects from the exercise program; one withdrew because she reported the program was "too hard." There were no significant differences between women who participated and those who withdrew for any demographic characteristic examined.
Continence function
Continence function improved for all of participants following the intervention. The mean number of leakage episodes decreased from 4.6±4.2 to 1.1±1.6 (p=0.003) in 3 days, with ten of the participants (59 %) reporting no leakage episodes at all after treatment. There was no change in the number of voids recorded on the diary. The mean number of pads used decreased from 2.1±2.6 to 0.4±1.0 (p=0.01) in 3 days. Mean UDI scores decreased significantly, from 98.50/300±41.9 to 51.96/300 ±28.6 (p<0.001), indicating that the number of symptoms and their bother improved. The mean IIQ scores also decreased significantly, from 39.72/400 ± 40.2 to 10.28/400±16.8 (p=0.002), indicating that incontinence was having less of an impact on ability to participate in daily activities. The IIQ includes two QoL impact questions: "How much of a problem is your incontinence?" and "Please rate the effect of your incontinence on your QoL." They were scored separately using 10-cm visual analog scales (VAS), and both improved following treatment: from 4.4±2.1 to 2.5±2.5 (p=0.01) and from 4.3± 2.3 to 1.6±1.9 (p<0.001), respectively.
Urethral sphincter size
The mean length of the striated urethral sphincter did not change with treatment, and mean thickness (21.4 %), crosssectional area (20.4 %), and volume (12.1 %) increased significantly following the intervention (Table 1) . There was no change in diameter, cross-sectional area, or volume of the urethra alone.
Discussion
This study demonstrated that PFM rehabilitation produces hypertrophy of the striated urethral sphincter in older women with SUI concurrently with clinically significant improvements in incontinence symptoms [23] [24] [25] . This suggests that one mechanisms by which PFM rehabilitation restores continence is through training the sphincter.
Overall, evaluations were well tolerated, except for one woman who became claustrophobic in the MRI scanner and could not complete the assessment. Prior to enrolment, potential volunteers were asked about claustrophobia during screening, but, as the MRI scan was a novel experience for most participants, the screening was not able to identify everyone who might find the experience anxiety provoking. The one woman who withdrew because she found the program "too hard" had more comorbidities and reported a lower level of daily activity than the other participants, even though she met the inclusion criteria for mobility. This might have been the reason she did not complete the intervention.
These results are consistent with a recent study that found that on US imaging, PFM rehabilitation for SUI increased the urethral cross-sectional area [12] and with previous findings that PFM rehabilitation improves women's ability to increase urethral pressure with a voluntary PFM contraction [26] . This study extends the findings of the recent McLean et al. [12] study in two ways: first, by using MRI, we were able to differentiate between smooth and striated sphincter muscle layers and to determine that the change occurred in the striated urethral sphincter; second, women were older than those in the McLean study. These findings suggest that not only does the striated urethral sphincter contract synergistically with PFMs during both voluntary and automatic contractions [1, 2, 4] , PFM rehabilitation stresses the striated urethral sphincter sufficiently to produce a training effect: muscular hypertrophy.
In this study, the initial measures of sphincter thickness and area were similar to the values for sphincter thickness and area reported by Morgan et al. for women with SUI [8] . Following the intervention, sphincter thickness and area measurements Overall urethral size is the diameter of the entire urethra, including striated urethral sphincter, smooth muscle, endothelium, and lumen; area and volume were calculated using this diameter. Length is the same for both the striated urethral sphincter and overall urethral size because only slices that included the striated urethral sphincter were included in the calculations of area and volume were similar to those found in continent women by both Morgan et al. and Preyer et al. [8, 27] . The increases in thickness are also similar in magnitude to those reported by Athanasiou et al. and Duckett et al. in studies of the effects of duloxetine [28, 29] . These increases in sphincter size appear to be clinically relevant; thickness and cross-sectional area both increased by ∼20 %, which is well above the estimated mean percent error of 12-15 %. Further, when improvements in continence are considered along with morphological changes, these results suggest that the training effect produced appears to be sufficient to overcome deficiencies in urethral pressure in women with SUI found by DeLancey's group [5, 6] . The sphincter volume measures calculated in this study were larger initially than were the volumes calculated in Morgan et al.'s study; and following the intervention, the calculated volumes were larger than those of continent women in both Morgan et al.'s and Preyer et al.'s studies [8, 27] . This may be explained by a longer interval between MRI slices used in our study (6 mm), compared with Morgan's (5 mm) and Preyer's (4.4 mm) studies. Hence, if the sphincter was partially visualized in the top or bottom slice, it would still be included in our measurements, a phenomenon known as "partial volume averaging." Since the primary goals of the larger study, of which this study was a secondary analysis, were to assess the effects of PFM rehabilitation on PFM measures and pelvic organ support, we introduced a 1-mm gap between 5-mm slices to improve image quality and to extend the cephalocaudal coverage. This does not limit the study because the higher soft tissue contrast improved precision of urethral sphincter measurements on axial images and, concurrently, calculations of cross-sectional area. However, we point out the need for caution when comparing estimates of sphincter volume between studies due to slightly different MRI acquisition protocols. The volume increased by 12 %, which is on the edge of clinical relevance. The smaller relative increase in volume is likely related to how we calculated sphincter length, as discussed above.
Strengths of the study include the blinding of assessors to the testing session and the very good test-retest reliability of MRI measurements. The primary limitation is that we did not include a control group not receiving the intervention for comparison. Therefore, it is not possible to state that the intervention caused the sphincter to hypertrophy or that the hypertrophy of the striated urethral sphincter caused the improvements in continence; it is also not possible to determine how much the sphincter hypertrophy contributed to improvements relative to other changes, such as improvements in PFM strength or changes in contraction timing. However, previous research demonstrated that in women with SUI who do not receive treatment, symptoms tend stay the same or deteriorate over time; that women lose muscle mass from the striated urethral sphincter as they age; and there is a trend toward a decrease in urethral cross-sectional area in controls [11, 12, 30] . It therefore seems unlikely that these changes were the product of time or the natural disease process. Another limitation is that this study only included women ≥60 years, which limits generalizability of the results: the McLean study included younger women (mean age 49.5 years) but found very similar results, suggesting that sphincter hypertrophy with PFM rehabilitation is not restricted to older women. Conversely, the inclusion of only women >60 could be seen as a strength of our study, because it is well documented that older women have fewer muscle fibers in both the smooth muscle and the striated urethral sphincters and have lower urethral closure pressures than do younger women [31] [32] [33] . These findings suggest that PFM rehabilitation may help reduce the impact of age-related deterioration of urethral sphincters. The sample size was small; however, significant changes were still detected, indicating a large effect size.
Future research should seek to replicate these results in a larger sample including a control group and to investigate whether the same improvements in coordination and motor control found in the PFMs following rehabilitation are also seen in the sphincter using both EMG of the striated urethral sphincter and urethral pressure [13] . Studies should also investigate whether sphincter hypertrophy is associated with an increased ability to generate urethral pressure, as is suggested by the improvement in continence found in this study. The reproducibility of a similar rehabilitation program on urethral sphincter training and continence in young women and men should be explored in future studies, as these groups demonstrate different underlying deficits. The reproducibility of these findings should also be investigated in women with severely damaged PFMs to determine whether their ability to increase urethral closure pressure can be harnessed therapeutically to improve continence [44] . The effect of PFM rehabilitation on the striated urethral sphincter in women who demonstrate severe sphincter denervation-reinnervation injuries on needle EMG should be investigated as well, as this would shed light on how effectively the body is able to repair these injuries.
Conclusions
This study appears to demonstrate that PFM training for SUI also trains the striated urethral sphincter in older women and that improvements in continence are associated with striated urethral sphincter hypertrophy. The lack of a control group limits the interpretation of our findings, and future research should seek to replicate them under controlled circumstances. These findings support previous research that demonstrated increased urethral cross-sectional area following PFM exercise using US. These findings are important because they increase the understanding of how PFM exercise works to improve continence and demonstrate that PFM exercise can help overcome age-related atrophy of the striated urethral sphincter.
